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CLEAR AIR TURBULENCE INDICES DERIVED FROM U. 5. NAVY
NUMERICAL MODEL DATA: A VERIFICATION STUDY

1. INTRODUCTION

The U.S. Navy has had a long-standing interest in atmospheric phenomena which
adversely affect aviation qperations and flight safety. One of these phenomena is clear au' :
turbulence '(CAT), which results from breaking gravity waves in strongly she.ared‘ environments
in the vxctmty of upper-u'oposphc'ic jet streams and frontal zoﬁes Due to CAT's small-scale and
relatively mpxd ﬂuctuauons, its analysis and short-range forecastmg is a difficult Operanonal ‘
problem. An early approach to CAT fomasﬁng related upper-air synoptic flow patterns to the

occurrence of CAT (Ramuner, 1973). More recently, this _appmach has been broadened to

include émpirical relations between CAT and satellite cloud imagery (Ellrod, 1985), and is now
available as an auumxated expert system (Peak. 1991) At various operational centers, CAT
forecasts are routinely msued in terms of a mrbulence index derived from numerical model data

(FNOC, 1985; Ellrod and Knapp 1992). Such indices attempt to correlate CAT occurrence with

select factors deemed to conribute significantly to turbulence potential.

In this study, two turbulence indices will be evaluated using gridded numerical model
data from the Navy Operational Global Atmospheric Prediction System (NOGAPS) collected
during the spring of 1995. The first is a widely-used CAT forecasting/diagnostic algorithm
described by Ellrod and Knapp (1992) based on horizontal wind deformation and vertical wind

shear. The second; which has been available operationally at the Fleet Numerical Mcteorology

and Oceanography Center (FNMOC) for at least the last two decades, uses vertical stability as its

forecast parameter (?NOC, 1986). Verification of the two indices is nccomplished by comparing

CAT analyses and forecasts with pilot reports (PIREPs) obtained from the National Center for
Atmospheric Research (NCAR). The effect of model resolution and forecast length on CAT '
forecasting pcrfoﬁnance is examined in detail.




2. TﬁRBULENCE INDICES
2.1 Ellrod (T1)
Aﬁ index for clear air turblence described by Ellrod (1929) ig
TI=DEK * ;W5

whéte DEF is the deformation of the wind composed of the stretching (DST) and shearing (DSH)
components

DST = au/ax - ovidy

DSH = aviax + awoy

QEF = (DST? + DSH?)"? ,
and VWS is the vertical wind shear

VWS = [ (awazy + (av/ozy ] .
" Here, u and v are the zonal and meridional wind componénts specified in Cartesian (x,y,z)
coordinntes. Nvdms are in units of 107 5 , and range (in this siudy) from zero to about 18
units.
The choice of the product of deformation and vertical wind shear for T/ was based on

correlation studies of these parameters to turbulence occurrence. Synoptic-scale upper-level flow
patterns that are associated with large deformation are conducive to CAT production. Large



vertical wind shear within a stable layer exceeding a critical limit results in shearing mstablhty,
which breaks down the flow into turbulent eddies.

22 FNMOC (CCAT)

The turbulence index in current operational use at ENMOC is based on the advestion of
vertical stability and absolute vorticity. The index is an adaptation of Theodorsen's (1954)
theoretical formulation of turbulence to available numerical meteorological data fields at the
'FNMOC. For a predetermined layer of depth Az, the CCAT index (FNOC, 1986) is expressed as

~where { and P are the mean relative vorticity and wind vector for the layer, fis the Coriolis
- parameter and g is the acceleration of gravity. The variable T is the mean temperature of the layer
andxscompmedas(ﬂ. T,) ,where T, and T, are the temperatures of the upper and lower

levels of the layer. CCAT values are in units of 107 s°; absolute values range (in this study) from
zero to about 37 units. |

As defined, the CCAT index can be either positive or negative. When many individual
CCAT index fields are averaged, the resultant mean field tends to be "noisy” and lacking definite
structure. The choice of the magnitude (i.c., absolute value) of CCAT as the turbulence index
results in a more coherent pattern structure in mean CCAT contour plots. Based on data in this
study, negative correlations are found between turbulence intensity and CCAT index values. On
 the other hand, when the magnitude of CCAT is used as the tarbulence index, positive
correlations exist between index values and turbulence intensity, In this verificaticn study, the
magnitude of CCAT is used as the turbulence index value. '




3. DATA -
3.1 Model

The Navy Operational Global Atmospheric Prediction System (NOGAPS) provided the -
required data for comput;tioﬁ of the turbulence indices evaluated in this study. The NOGAPS is
run twice daily (at 00Z and 12Z) at the FNMOC. Data for the study is from the NOGAPS
Version 3.4 forecast model which consists of a multivariate optimum inierpo}aﬁon analysis, a
* nonlincar normal mode initialization scheme, and a 159-wave triangular truncation (~ 3/4 deg.
orizontal resolution), 18-level spectral forecast model (Hogan et. al., 1991; Goerss and Phoebus,
1993). ' ‘

' NOGAPS data were obtained from two distinct environmental databases, both of which
provided interpolated meteorological fields on standard constant pressrure surfaces. During the
_ 3-month period March through May 1995, the Neval Environmertal Openﬁonal Nowcasting
System (NEONS) provided wind and geopotential height data required for the T1 calculation on 8
2.5° x 2.5° spherical grid. Although temperature data were available in early March, CCAT
computations using NEONS did not commence until April 21 when absolute (¢ + f) vorticity
‘ﬁelds' became available. During the second half of May 1995, meteorological data ficlds
(u,v,z,T,{) ona 360 x 181 sphcﬁcal grid (1 deg. horizontal resolution) were obtained using the
 ISIS (Integrated Software Information Standard) environmental database at FNMOC.

As available, meteorological data fields at both the 1.0° and 2.5° horizontal resolutions
were archived st three forecast lengths (the analysis, and 12 and 24 hours) and at seven standard
pressure levels (500, 400, 300, 250, 200, 150 and 100 mb). The data were collected fora
regional grid encompassing the continental U.S. and adjacent areas (viz., 5*N - 60°N, 50°W - .
130°W).



32 PIREPs
3.2.1 Description

For the period March through May 1995, a database comprising over 119,00 aircraft
piloi reports was obtained from the National Center for Atmospheric Rescarch. These PIREPs
cantain encoded numcric data which provide information on weather, cloud layers, icing and
turbulence. For each PIREP, up to two turbulence layers of levels may be specified, eachasa
coded group containing turbulence base and top heights, frequency, intensity and type. N
Additional turbulence information may be available within a PIREP as alphanumeric remarks.

~ The base and top heights of a reportéd turbulence layer are generally specified to the
nearest thousands of feet. Turbulence type is encoded as either clear air nn'bu!ence (CAT), chop,
or low-level wind shear (not applicable to ttis study). Since no specific code iS used to report -
mountain wave turbulence (MWT) or turbulence near thunderstorm tops (TNTT), such '
occurrences can only be ascertained through piiot remarks. Turbulence intensity is defined
aumerically as follows : 0) smooth, 1) smooth-light, 2) light, 3) light-moderate, 4) moderate, 5)
moderate-severe, 6) severe, 7) severe-extreme and 8) extreme. For non-smooth intensities,
turbulence frequency may be specified as either occuic}nal, intermittent or continuous. Within a
given PIREP, a numeric value of -9' is assigned any turbulence code element (frequency,
intensity, type) for which no information is given. o |

3.2.2 Selection Pfogedure

Various criteria were applied to the original PIREP database to select those pilot reports
finally used as verification data for model-derived turbulence indices. PIREPs needed to be
located within the study's model grid domain and were required to have occurred within one hour
of 00Z or 12Z. Given mode] data at the appropriate date and time, a PIREP was matched to the
- grid point nearest to the PIREP, provided the report was no more than 80 km from that model
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 grid point, and at an elevation above 500 mb (~ 5.5 km). Here, the 500 mb height was

determined from the model's analysis (or, if unavailable, the 12 or 24 hr forecast) height at the
gridpoint. For some PIREPs, pilot remarks concerning turbulence provided new . additional
information which was numerically encoded. However, those PIREPs whore remarks clearly
identify the cause of mrbulenoe as due cither to convection or mountain waves were not used,

since neither turbulence index evaluated herein is designed to forecast such types of nurbulence.

Having passed the above selection criteria, a PIREP's turtulence information was
assigned (based on reported elevations) to one or more of the following constant pressure surface
layers: 500-400 mb, 400-300 mb, 300-250 mt, 250-200 mb, 200-150 mb, and 150-100 mb. For
each PIREP, the base and top height limits for these layers werz given by mode] constant
~ pressure surfabé heights at the chosen gridpoint. PIREPs within 5 minntes'and 40 km of each
other were retained as separate reports if their turbulence infomation was from different layers
or, combined into one report, if they provided information for the same iayer. In general, for any
PIREP (individual or combined) reporting two different turbulence intensities within a single
layer, the larger intensity value is selected for comparison with model-derived turbulence indices.

Since both the T and CCAT indices forecast clear air turbulence, it seems appropriate to
~ have included turbulence " type " in the PIREP database selection process. Unfortunately, very
few PIREPs were identified s CAT type. Thus, in order to carry out this study, PIREPs whose

"type" was not given as well as those described as type "chop" were utilized, on the assumption

that most of these PIREPs described actual CAT events (and not MWT or TNTT).

3.2.3 Distribution

Two PIREP datasets were created for this study - one for comparison with NOGAPS 2.5
data. the other, for comparison ‘ith NOGAPS 1.0° data. The 2.5° dataset is based on 1119
PIREPS over the period March through May 1995; temporally, about two-thirds of these PIREPs
correspond to 00Z and one-third correspond to 12Z. A total of 529 PIREPs from the second half
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of May 1995 were used to create the 1.0° dataset; temporally, about three-fifths of ‘these weré at
00Z, the remainder at 12Z. The two PIREP datasets are not independent, since 192 PIREPs are
u:ed mutually. '

Characteristics of the 2.5* PIREP dataset are given in Table 1. Due to the availability of
turbulence information in multiple layers with some PIREPs, the total number of (layer) reports
(1281) is about one-sevexth larger than the number of PIREPs included with this dataset. The
number of reports is fairly steady for the lowest four layers, falling off dramatically for the

" highest (150-100 mb) layer. Only two reports identify the turbulence type as "CAT"; over

three-fourths §f all reports do not specify turbulence type. Reports of turbulence frequency are
about equal between "occasional” and "continuous”; the frequency "intermittent” is seldom
reported. In the dataset, about thrze-eights of all reports correspond to "smooth” turbulence, with
the largest number of such reports within the 250-200 mb layer. About half of all turbulence

intersities are either reported as light or moderate. The overall percentage of reports of intensity

moderate or greater (MOG) is about 27%. Only about 3% of all reports identify turbulence
intensity greater than moderate; of these, more than half occur in the lowest two layefs. Extreme
turbulence is reported only once; the ratner ambiguous "smooth-light" category is never reported.

Spatially, the largest concentration cf PIREPs included in the 2.5¢ dataset occurs over the
southern Ohio Valley (Figure 1). A secondary maximum is centered over southeastern
Colorado. Interestingly, perhaps due to generally low flight levels, only 10 PIREPs (less than
1%) come from the heavy traffic New York-Boston corridor. Although more actual cases of

 MOG turbulence are reported over the Ohio and Missouri Valleys, 50% or higher frequency of
- -MOG turbulence (per 5° x 5° latitude-longitude bins of > 3 reports) only occurs over central

California, Montana and the northwest Gulf of Mexico (including coastal Louisiana).



Table 1 - Characteristics o1 the 2.5* PIREP dataset, including the number of reports according to
turbulence typs, frequency and intensity, and the average base and top heights (in ft}, for selected layers

from 500 to 100 mb.
LAYER (MB)

500-400 | 400-300 | 300-250 | 250-200 | 200-150 } 150-100 | 500-100
AVG. HGT.
BASE 18495 | 23818 | 30537 | 34422 | 39040 | 44685 | -
TOP 23858 | 30353 | 34482 | 39096 | 44994 | s3071 | —-
NO. RPTS. 252 303 253 308 160 5 1281
 TYPE
CAT 1 1 0 0 0 0 2
CHOP 55 7 66 68 28 0 290
NOT GIVEN 196 229 187 240 132 5 989
FREQUENCY
NO (SMOOTH) 84 91 80 132 88 4 479
OCCASIONAL 28 28 27 29 16 0 128
INTERMITTENT 3 2 2 3 2 0 12
CONTINUOUS 19 28 38 33 15 0 133
NOT GIVEN 118 154 106 m 39 1 529
INTENSITY
SMOOTH 84 91 80 132 88 4 479
SMOOTH-LGT. 0 0 0 0 0 0 0
LIGHT 56 86 8 73 34 0 335
LIGHT-MOD. 33 30 24 21 9 0 117
MODERATE 69 84 58 76 24 0 311
MOD.-SEVERE 4 3 2 4 2 1 16
SEVERE 5 9 3 2 2 o | 2
SEVERE-EXT. 0 0 0 0 0 0 0
EXTREME 0 0 0 0 1 v 1
NOT GIVEN 1 0 0 0 0 0 1
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The distribation of pilot resorts for the high resolution 1.0° dataset is presented in Table
2. Reflecting the late springtime period of this dataset, layer average base and top heights are
considerably higher than those for the late wintet/spring 2.5* dataset. In general, the distribution
of turbulence elewuents (type, frvqwlcy and intensity) by categories is quite similar for the 1.0°
and 2.5° datasets. For exam; (s vercentages of smooth intensity reports and those of intensity
MOG vary by less than 1% becween the two datasets. One slight difference is the ratio of
occasional to continuous turbulence frequency, with tke reporting ratio about 1:1 for the 2.5
dataset and about 5:3 for the 1.0° dataset. Spatially, in agreement with the 2.5° dataset, the 1.0°
PIREP dataset has the highest reporting density over the southern Ohio V.allcy'with a secondary
maximum over eastern Colorado (Figure 2). A distinct concentration of heavy turbulence
(2 50% frequency of MOG) is observed from southern Texas north-northwestward to the westem
Great Plains for the 1.0° dataset. Of any 5° x 5* box, the one which includes Chicago, IL has the
highest munber of MOG turbulence reports. '

4. RESULTS
41 TI 3-Month Dataset

‘ Forthe period March through May 199%, only model-derived T fields ata 2.5¢
horizontal resolition are available for verification. Table 3 presents average TI values at selected
PIREP iatensity categories. One nutes that at all categories with more than 100 data (categories
‘ moderate or less), average T? values decrease slightly with forecast length, while overall
averages decrease from 2.17 x 107 57 at tau=0 hr 10 1.87 x 107 52 at tau=24 hr. To examive the
relationship between intensity and average T1 value, linear correlation coefficients (based on the
product-moment formula) are computed for each forecast length. In these computations, the
intensity categories 1 (smooth-light), 7 (sevére-extreme) and 8 (extrem~) are excluded due to
lack of data. The very high correlations (r = 0.99 at tau=C hr, r = 0.81 at tau=12 hr, == 0.96 at
tau=24 hr) strongly suggest that the assumption of a direct (linear) relationship between
turbuler:ce intensity and TT index value is reasonable.
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Table 2 - Characteristics of the 1.0° PIREP dataset, including the number of reports according to
average base and top heights (in f2), for selected layers

turbulence type, frequency and intensity, and the

from 500 to 100 mb.
LAYER (MB) |
| 500-400 | 400-309 | 200-250 | 250-200 | 200-150 | 150-100 | 500-100

AVG. HGT. | . :
BASE 18793 | 24278 | 30966 | 34859 | 39792 | 46210 | -—
TOP 24253 | 30935 | 34968 | 39562 | 45696 | 54255 | -
NO. RPTS. 144 128 131. | 138 53 1 595
TYPE g : | B

- | CAT o | o 0 0 0 0 0

“JcHOP 24 25 32 32 6 0 119
NOT GIVEN 120 | 103 .| 9 106 47 1 476
FREQUENCY : E :
NO (SMOOTH) 63 31 32 61 34 1 222
OCCASIONAL 15 15 20 16 7 | o 7
INTERMITTENT 0" 0 0 0 0 0 0
CONTINUOUS 9 8 13 12 1 0 43
NOT GIVEN 57 74 66 49 1 o | 257
INTENSITY - S ,'
SMOOTH 63 31 32 61 34 1 | 22
SMOOTH-LGT. 0 0 0 0 ) o | o
LIGHT 26 36 48 40 9 0. 159
LIGHT-MOD. 13 12 10 7 4 0 46
MODERATE 37 4 38 28 4 0 149
MOD.-SEVERE 3 5 0 1 0 0 9
SEVERE . 2 2 3 1 2 0 10
SEVERE-EXT. 0 0 0 0. 0 0 0
EXTREME 0 0 0 0 0 0 0
'NOT GIVEN 0 0 0 0 0 0 0
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Table 3 - NOGAPS 2.5* average TI values (units 107 52 and number of data for selected PIREP
intensity categories, at tau = 0, 12, and 24 hr, for the period March-May 1995.

TAU=0HR TAU=12HR | TAU=24HR
INTENSITY NO.DATA |AVG.TI |NO.DATA |AVG.TI |NO.DATA |AVG.TI
SMOOTH 21 | 160 442 1.56 432 147
SMOOTH-LGT 0 - 0 -— | o —
LIGHT 312 221 322 1.89 300 1.88
LGT-MODERATE |  1i6 2.55 110 236 109 2.28

| MODERATE - 287 270 | 304 230 298 2.20
MOD-SEVERE 13 2.90 15 320 16 2.69
SEVERE 20 3.16 20 2.45 18 2.63
SEV-EXTREME 0 - 0 — 0 -
EXTREME 1 0.80 1 1.10 1 120
ALL 1170 2.17 1214 1.94 1174 1.87

Table 4 - Distribution of reported intensities for a range of NOGAPS 2.5¢ TI index values (units 10”7 s%),
sttau=0hr. ‘ ~

T1 INDEX (TAU = 0 HR)
INTENSITY | 0-<@ |2-<4 | 4-<6 |6-<8|8-<10]10-<12 | 12-<14 | 14- <16

- | sMooTH | 302 | 81 27 9 1 1 0 0
'SMOOTH-LGT 0 0 0 0 0 0 0 0
LIGHT 183 | 84 24 14 4 3 0 0
{LGT-MOD 63 29 17 1 3 2 1 0
MODERATE 152 | n 37 9 3 10 4 1
MOD-SEVERE 7 1 3 ) o 3 0 ¢ 0 0
SEVERE 9 5 2 2 1 i 0 0
SEV-EXTREME 0 0 0 0 0 0 0 0
EXTREME 1 0 0 0 0 0 0 0
MOG 16 | 7 39 14 4 1 4 1
ALL M |23 | 107 | 38 12 17 s ]
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The distribution of reported intensities with NOGAPS 2.5° TI analysis (tau = 0 hr)
values is given in Table 4. One notes & wide range of intensities for a given TI index value
<12x 107 5%, supgesting low skill of the TI index in individual forecasting of turbulence
intensity. Based on 1170 forecasts, the linear correlation coefficient relating intensity and TI is
small (r = 0.211) yet sufficiently removed from zero (no correlation). Interestingly, this value is
almost identical to the value r = 0.219 reported by McCann (1993) who corrélated 567 turbuleace
intensities with TI values derived from gridded, objective analyses of upper-air rawinsonde data. |
Given correlation coefficientsr = 0.180 and r = 0.187 at tau = 12 ind 24 hr, respectively, no
significant degradation of forecasting skill with lead time is noted for the NOGAPS 25Tl

To further examine the quality of TI (and later, CCAT) forecasts, three contingency table
statistical indices - the probability of detection (POD), the false alarm rate (FAR) and the critical
success index (CSI) - are computed. Given a particular event (viz, MOG turbulence), the
probability of detection is the capability of correctly forecasting that event, and is defined as the
number of rarrect (model) forecasts divided by the number of reported occurrences. Thc false
alarm rate is a measure of the tendency to overforecast, and is defined as the number of incorrect
forecasts divided by the number of forecast issued. As a measure of overall forecast skill, the
critical success index (or threat score) is defined a3 the number of correct forecasts divided by the
sum of the number of cbserved events and incorrect forecasts. Two TI threshold values (2 and 4
x 107 52) are selected for detecting moderate or greater turbulence; both these values were used

by Flirod and Knapp (1992) in verification of TI index derived from numerical models. Based
on NOGAP3 2.5* analysis data (Tsble ), slightly more than half (three-fourths) of all MOG
turbulence reports occur at T1 values < 2 (< 4); these percentages increase slightly with lead time
(i.e.,attau= 12 and 24 hr), '

Performance statistics of the T1 index for 0, 12 and 24 hr NOGAPS 2.3° forecasts are
given in Table 5. At the higher TI threshold value, a slight decrease in POD and CSI values
occurs over the 0 to 24 hr forecast length. Performance statistics for the 2 x 107 §? threshold

14



valuz are more steady with lead time; the FAR actually improves very slightly from 0 to 24 hr
(the lower the score, the better). More signiﬁéant, POD and CSI statistics are cqnsidéfably higher
at the lower ( 2 x 107 §) TI threshold value, while FAR values are only slightly higher. The
.improvement in forecast performance is most dramatic at tau = 24 hr, where the CSI score at the
lower TI threshold value is two times higher than at the hzgher (4x107s? ) threshold value and
the POD score is three times higher. ’

Table 5 - NOGAPS 2.5° Mmh-May 1995 T1 perfomance statlstxcs at tau = 0, 12 and 24 hr, for two
selected TI threshold values. Statistics based on MOG turbulence events

. T1 THRESHOLD VALUE |
2x 10742 . - 4%x107s3
TAU  POD FAR . CSI o POD FAR csl
OHR ~ 0474 . 0664 - 0244 0227 0594 0171
12HR 0447 0.651 0.244 0T 0.594 0.136
24HR 0420 0644 - 0239 ‘ 0.141 0.621 0.115

Although Table § performance statistics (for the TI 2 x 107 57 threshold) indicate some
okl in forecasting MOG turbulence conditions, these statistical values are considerably worse
than those reported by Ellrod (1989) In his validation study, based on analysis (tau = 0 hr) data

from a numerical model of sumlar resoluuon as NOGAPS and a TI threshold value of 4 x lO g2

Ellrod reported a 70% POD, 2 20% FAR and s 60% CSI for the T1 index. The large dxﬁ'crcnce in
forecasting skill between thl; study and Ellrod’s results primarily from significant differences in
verification techniques.' Specifically, this study’s verification criteria is much more restrictive -
for a correct forecast, turbulence needs to occur within a rather shallow vertical layer and limited

" horizontal area (of radius 80 km from the nearest model grid point). On the other hmd Ellrod's

verification criteria permm 2 successful forecast to occur over a considerably deepcr layer and
potentmlly amuch hrger (pcrhaps by a factor of ten) horizontal area.
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42 Index Comparisons
42.1 2.5 Deg. Resolution

" During the period late April through May 1995, a total of 75 NOGAPS 2.5* forecast runs '
(38 at 12Z, 37 at 00Z) are available for coincidental computation of T1 and CCAT index ficlds.
Average analysis (tau =0 hr) fields of the T1 and CCAT (magnitude) indices, for the 250-300 mb
layer, are presented in Figures 3 and 4, respectively. On comparison, one notes that the structural
~ pattemn of both these average fields is quite similar. As éxpected, due to the presence of strong
jet streamsand frcqucnt cyclogenesis, largest values for both indices are concentrated within the
" mid-latitudes; smallest values occur over the tropics and high latitudes. Both fields exhibit
maxima over Colorado and the northeastern Unites States (New England and adjacent areas).
Interestingly, the T1 and CCAT maxima over Colorado, and the CCAT maximum over Ohio,
~ occur in regions which contain high frequencies of turbulence rcpoﬂs during the late April-May
period (see Figures 1 and 2); In a climatological sense, both the TI and CCAT indices appear
| capable of identifying regions of high risk for clear air turbulence.

' Table 6 presents linear correlation coefficients and average index values for NOGAPS

© 2.5° T1and CCAT (magnitude) forecasts, for the period late April-May 1995. These statistics

are based on about 500 coincidental T1 and CCAT forecasts, of which only about 29%

correspond to forecasts of MOG turbulence events. Both Tl and CCAT average forecast values

' decrease slightly with increasing forecast [ ngth. Correlation coefficients for both indices

- indicate nb degradation in forecasting skill with lead time, with correlation values highest at tau

= 12 hr. Most significant, correlation coefTicients are much higher (by about 0.2) for T1 than

those for CCAT. While the correlation coefficients for the TI index (from 0.223 to 0.265)

indicate marginal skill in forecasting turbulence intensity, the very low CCAT correlation vducs .
(slightly above zero) indicate essentially no skill for this index in forecasting any individual |
turbulence event which could span a wide spectrum of intensities (i.e., smooth 1Hrdugh severe).
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Figure 3 - Average analysis (tau = 0 hr) field of the T1 index (x 10) (units = 10 s2), for the
250-300 mb layer, derived from NOGAPS 2.5° data during the period April 21 - May 31, 1995.
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Figure 4 - Average analysis (tau = 0 hr) field of the CCAT (magnitude) index (units = 10 s),
for the 250-300 mb layer, derived from NOGAT'S 2.5* data during the period April 21 - May 31,

1995.



Table 6 - Correlation coefﬁcncnts and average index values for NOGAPS 2.5° coincidental Tl and CCAT
(magnitude) 0, 12 and 24 hr forecasts, for the period April 21 - May 31, 1995.

TI INDEX .CCAT INDEX
TAU  NO.DATA  AVG. (107 5% r AVG. (10% %) r
Ohr 505 1.85 0.223 3.94 0.011
12br 495 1.78 0.265 378, 0.048
24 br 485 . 1.65 0.232 3.48 0.019

In otder to compare NOGAPS 2.5* TI and CCAT performance statistics, CCAT threshold
values of 3 x 10° s and 6 x 10?5 are chosen for prediction of MOG turbulence events. These
values provide similar distribution statistics of reported turbulence intensity versus index value

as the threshold values previously chosen for TI. Specifically, for this dataset, the percentage of
MOG turbulence reports which occur below a CCAT (magnitude) threshold value of 3 x 10” s°
(6 x 10? 5*) ranges from 55 t0 62% (79 to 81%) for 0, 12 and 24 hr forecasts; for coincidental TI
forecasts, percentages range from 57 to 63% (82 to 86%) at the 2 x 10”7 52 (4 x 107 s) threshold
value. Given the similarities in frequency distribution, direct comparisons will be made between
statistics based on the lower (and the higher) TT and CCAT threshold values.

- Performance statistics for NOGAPS 2.5* TI and CCAT (magnitude) forecasts, at
selected threshold values, are given in Table 7. For both the Tl and CCAT indices, POD and CSI
0, 12 and 24 Qr statistics are considerably higher at their respective lower threshold value, while
false alarm rates are lower (i.¢., better) at the higher threshold values (except for CCAT at tau =
12 hr). For both CCAT thresholds, FAR scores are high (near 0.7). A comparison of Tl and
CCAT statistics at their respective lower threshold values shows very similar POD values (near
0.4) at all forecast lengths. In this same comparison, CSI values arc slightly better, and FAR
scores considerably better, for the TI index. For both TI threshold values and the lower CCAT
threshold value, all three statistical indices were best at tau= 12 hr. Fm‘this dataset, there was no
drgradation of forecast skill over the 0 to 24 hr interval for any TI or CCAT performance '
statistic, at any threshold value.
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Table 7 - (a) NOGAPS 2.5° T1 performance statistics at tau = 0, 12 and 24 hr, for two selected TI
threshold values. (b) Same as (2) except for CCAT (magnitude). Statistics based on MOG turbulence
events and coincidental T1 and CCAT forecasts over the period April 21-May 31, 1995.

(2) TI THRESHOLD VALUE '
2x107¢? 4x107s?

TAU POD - FAR  CSI POD ~ FAR Cs1

Obr 0.421 0.643 0.239 0.179 0.544 0.148
12hr . 0431 0.595 0.264 0.181 0.469 0.156
24 hr 0369 0618 0.231 0.142 0.535 0.122

m
(b) CCAT THRESHOLD VALUE

Ix10° " 6x1074?
TAU POD FAR CsI o POD FAR csI
Ohr 0407 . 0.726 0.196 0214 0713 0.162
12 hr 0451 0683 0.229 0.194 . 0708~ 0.132
24 hr 0.376 0.710 0.196 0.206 0659  0.147
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422 1.0 Deg. Resolution -

Average index values and linear cbrrelatioq cqefﬁcicnts, for NOGAPS 1.0° Tland CCAT

' (magnitude) 0, 12 and 24 h forecasts during the period May 15-31 1995, are presented in Table
8. These statistics are based on 543 (tau = 24 hr) to 580 (tau = 0 hr) coincidental Tl and CCAT
forecasts, of which about 28 % correspond to forecasts of MOG turbulence events. For both TI
and CCAT, average forecast values are highest for the analysis (tau = 0 hr) and about the same
for 12 and 24 br forecasts. TI linear correlation coefficients decrease slightly with lead time
(fromr=0271 at tau=Okrtor= 0.21) at tau = 24 hr). These cormrelation vaiucs (comparable to
those for the NOGAPS 2.5¢ late April-May dataset) suggest that the T1 index has only a very
limited ability in distinguishing between smooth and heavy (MOG) turbulence conditions. For
CCAT, the largest correlation coefficient (r = 0.140) occurs at tau = 24 hr; this value cannot be
considered representative of any useful skill in the forecasting of any arbitrary (smooth through
sevcré) turbulence evcnt.’ ' '

" Table 9 presents performance statistics for NOGAPS 1.0° TI and CCAT (magnitude)
forecasts of MOG turbulence events. For this high resolution dataset, the CCAT threshold value
4x 10° s (8 x 10? s?) provides the best similarity to the TI threshold 2 x 10783 (4 x 107 s?) in
regards to index v_alde versus intensity frequency distribution. Statistics based on the previously
used CCAT threshold 3 x 10 s? ( 6 x 10” 5%) are not best suited for direct comparisons, since
the percentage of MOG turbulence reports which occur below this CCAT threshold value
avcrages about 10% less than the percentage corresponding to the T12 x 107 87 (4 x 107 8%)
threshold value. Table 9 POD and CSI statistics for TI and CCAT forecasts (at threshold values
4 x 107 s7 and 8 x 10” 5?, respectively) are quite similar at tau = 0 and 12 hr, but CCAT values
are slightly higher at tau = 24 hr. For this same comparison, FAR scores are considerably lower
(by about 0.17 to 0.19) for the T1 index. For both TI and CCAT, a decrease in threshold value
resultsina sigﬁiﬁcant improvement in both POD and CSI statistics; unfortunately, such a
decrease also results in considerably greater FAR scores for the Tl index. Except for the POD
statistic st tau = 24 hr, all ,perforrmnce‘ statistics for T1 at the 2 x 10”7 52 threshold value are
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‘Table 8 - Zorrelation coefficients and average index values for NOGAPS 1.0° coincidental TI and CCAT
. (magnitude) 0, 12 and 24 hr forecasts, for the period May 15 - 31, 1995.

| T1 INDEX CCAT INDEX
TAU NO.DATA  AVG. (10757 r AVG.(10%s%)  r

0br 580 1.77 0271 4.07 0.091
12hr 579 1.59 0238 3.70 0.077
24hbr 543 1.57 0.21] 3.7 0.140

~ Table 9 - (8) NOGAPS 1.0° TI performance statistics at tau = 0, 12 and 24 hr, for selected T1 threshold
values. (b) Same as (a) except for CCAT (magnitude). Statistics based on MOG turbulence events and
coincidental TI and CCAT forecasts over the period May 15 - 31, 1995,

(8) TI THRESHOLD VALUE
2x107¢2 4x107¢?
TAU POD FAR csI POD FAR csl
Ohr 0.439 0.600 0.265 0.171 0.462 0.149
12he 0.401 0.594 0.253 0.130 0475 0.116
24 hr 0373 0.593 0.242 0.159 0.400 0.126
by
(b) CCAT THRESHOLD VALUE
Ix107¢° 4x10"s? $x 105
TAU POD FAR CSi POD FAR CSI  POD FAR  CSI
Ohr 0494 0680 0241 0421 0644 0239  0.189 0.648  0.140
12hr 0475 0658 0248 0377 0659 0218  0.148 0.662  0.118
24hr 0523 0665 0256 0431 0658 0216 0216 0.566  0.168
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slightly better than comparable statistics for CCATata threshold value of 4 x 107 5%, A
comparison of CCAT statistics (Table (b)) mdlcates that a slight decrease in threshold value
{from 4 to 3x107 s”) results in conmdcrably bettcr forecast capability (POD ~0.5) yet litle if
any increase in overforecasting. Taken collectxvely. POD, FAR and CSI gtansucs do not indicate
any definitive degradation of forecasting skill with lead time for either prediégor, at any threshold' .

value.
423 1.0 Versuy 2.5 Deg. Resolution

The avaxlab'.hty of NOGAPS gridded'ﬁelds at both a high (1.0°) and a low (2.5°) A
horizontal resolution during the second half of May 1995 permits an assessment of T1 and CCAT
- forecasting skill in terms of data resolution. ‘Differences in model-derived TI (or CCAT) index
values at 1.0* and 2.5° resolutions essentially reflect the etfect of interpolation from actual
model data representation (spherical harmonics) and resolution (3/4 deg., 75-80 km) to each of
ﬁlése‘hoﬁzontgl grid resolutiohs. Based on about 200 coincidental data, average forecast values
" for both the TI and CCAT (magnitude) indices are all somewhat larger", at each forecast length, at
the higher (1.0°) resolution (Table 10). BRased on nhalysis data, linear correlation cosfficients for
1 and CCAT are higher at the 1:0* resolution; however, at tau = 12 and 24 b, the reverse
occurs, with correlation values higher at the lower (2.5°) resolution. As in previous cq'mparisons,
correlation coefficients for 1 are significantly higher than those for CCAT. With an average
correlanon value r = 0.25 (Table 10), Tl showq some ability (albeit quite small) in forecasting
any arbm'ary (smooth through severe) turbulence event.

A Perfonnance statistics for T1 0, 12 and 24 hr forecasts, derived from coincidental 1.0° and

‘ 2 5 NOGAPS data, are prwented in Table 11. Atthe 2 x 107 52 threshold value, both POD and i
CSI statistics at tau = 0 and 24 br are somewhat hxgha for high resolution forecasts. For 12 h.r
forecasts, FAR and CSI statistics are marginally better when based on 2.5* data, while POD
values are :denncal at the 1.0° and 2.5° resolutions. For the higher forecast threshold 4x 10"
£2), all statistics (POD,FAR,CSI) are marginally better at tau = 0 and 12 hr for forecasts based on
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Table 10 - () Correlation coefficients and average index values for NOGAPS coincidental 1.0° and 7.5°
T10, 12 and 24 hr forecasts for the period May 15 - 31, 1995. (b) Same as (a) except for CCAT

(magnitude).

(2) TI INDEX 1.0 DEG. RESOLUTION 2.5 DEG. RESOLUTION
CTAU NO.DATA  AVG. (107s?) r (AVG.(1075%) r
Ohr 201 1.89 " 0.294 LT3 0260
12br 198 " 1.68 0.224 148 0234

24 hr

199

1.65

0.236

141

(b) CCAT INDEX 1.0DEG.RESOLUTION 2.5 DEG. RESOLUTION -

TAU  NO.DATA AVG.(10"s") r AVG. (10° 5%) r
0hr 194 4.44 10.124 3.58 0.048
12br 180 404 0.124 3.24 0.135
24 hr 179 3.59 0.048 292 0.100

Table 11 - (a8) NOGAPS coincidemﬂ 1.0° and 2.5° TI performance statistics at tau = 0, 12 and 24 hr, for
a T1 threshold o7 2 x 107 s, (b) Same as (a) except for TI threshold 4 x 107 5*. Statistics based on

MOG turbulence events. ‘
() TI THRESHOLD VALUE 2x 107 ¢* ,
1.0 DEG. RESOLUTION 2.5 DEG. RESOLUTION
TAU POD FAR CS1 POD FAR  CSi
Ohr 0418 1 0.509 0.292 0.358 0.564 0.245
12hr 0.348 0.549 0.245 0.348 0.500 0258
Ut 0375  05IC 0.270 0.297 0.500 0229
* (b) TI THRESHOLD VALUE 4x 10”7 s?
1.0 DEG. RESOLUTION 2.5 DEG. RESOLUTION
‘TAU POD FAR CSt POD FAR csi
Ohr 0.209 0.333 0.189 0.194 0.350 0.176
12 hr 0.136 0357 0.127 0.106 0417 0.099
24 br 0.156 0.167 0.152 0.156 0.167 0.152
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the higher resolution data. At tau = 24 hr, all stansncs are identical at both reso!uuons the very
low FAR (0.167) results from only 2 (out of 12) incorrect forecasts of MOG turbulence.

Table 12 presents CCAT (magnitudc) performance statistics at two selected thresholds (3
and 4 x 10° 5*) for coincidental 1.0° and 2.5° forecasts. At all forecast lengths, comparisons of
CCAT high and low resolution POD and CSI statistics indicate higher (an  in a few cases,
considerably higher) values for forecasts based on the 1.0° data. FAR analysis scores at both .
threshold values are somewhat better using 1.0° data; however, no significant differences in 1.0°
and 2.5 FAR scores occur for 12 and 24 hr forecasts. For both CCAT high and low resolution
forecasts, a noticeable improvement in POD and CSI (most especially, POD) statistics coupled
with only minor fluctuations in FAR scores occurs when the forecast threshold is decreased from
4103x 107 5%, Comparing Tl and CCAT statistics (Tables 11 and 12), an improvement ( i.c.,

- decrease) in NOGAPS data resolution (from 2.5° to 1.0*) appears more beneficial to the -
forecasting performance of the CCAT index. This probably occurs because the CCAT :
formulation contains a very small ‘quantity (the vorticity, in units of 10~ s 1) which is likely qmte
sensitive to interpolation processes involved in converting from model to gndpomt
representation.

S. SUMMARY AND CONCLUSIONS

Two turbulence algorithms for forecasting clear air turbulence are computed using
meteorological data from the Navy Operational Global Atmospheric Prediction System
(NOGAPS) model. The T1 index is based on deformation and vertical wind shear, and is used at
several operational centers in support of aviation forecasting. The CCAT index, in current
operational use at FNMOGC, is based on the advection of vertica! stability and absolute vorticity.
Verification of both algorithms is accomplished by comparing model-derived analyses and
short-range forecasts with pilot reports of turbulence intensity over the continental U.S. during

25




Table 12 - (a) NOGAPS 1.0* and 2 .5' coincidental CCAT (magnitude) peffonnance statistics at tau = 0,
12 and 24 hr, for a CCAT threshold of 3 x 10% 5. (b) Same as () except for CCAT threshold 4 x 10”
s, Statistics based on MOG turbulence events.

(2 CCAT THRESHOLD VALUE 3 x 10782

1.0 DEG. RESOLUTION

2.5DEG. RESOLU’HON

TAU POD FAR cs1 POD FAR  CSI
Ohr 0.619 0.585 0.331 - 0.397 10653 - 0227
12 hr 0642  0.580 0.340 0.574 0.574 0315
24 br 0.509 0.679 0215 - 0377 0.672 0213
-
(t) CCAT THRESHOLD VALUE 4x10%¢?
1.0 DEG. RESOLUTION '2.5 DEG. Resoumon
TAU POD FAR cs) "~ POD FAR csl
Ohr 0.492 0.551 0.307 0317 0636 0204
12hr 0.528 0.576 0.308 5377 10.600 0.241
24hr 0358 0.694 0.198

10302 0.660  0.190
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the spring of 1995. The forecasting capability of each turbulence index is evaluated staﬁstically
in terms of forecast (dccisiqh) threshold, model data resolution, and length of forecast.

The major findings of this verification study are as follows:

(1) Cbrrcl'ations between turbulence intensity and index value indicate that the magnitude
of CCAT (and not CCAT) is the preferred turbulence predictor.

' ) Clmatologxcal]y, both TI and CCAT appear capable of xdcnnfymg }ugh-mrbulcncc
threat regions. ' ' '

3) The T1 index shows. margmal skill (r= 0 25), and the CCAT index essennally none, in
the forecastmg of any arbitrary (smooth through severe) turbulence event.

~'(4) For a threshold value 2 x 107 82, average TI 1.0° and 2.5° s:atistics (Tables 7 and 9)
. for forecastmg MOG turi.clence events are: POD = 0. 41, FAR = 0.60 and CSI = 0.25.
Coincidental statistics for CCAT ( threshold value 3 x 10 s) are quite similar, with POD =
| 0.45. FAR = 0.69 and CSI = 0.23. Overforecasting is a serious problem for both indices, most -
‘especially for CCAT.

‘ (5) Colleétiﬁely, comparisons among analysis, 12 an1 24 hr statistics do not indicate any
. definitive trend in forecasting skill with lead time, although average forecast TI and CCAT mdex
values generally show a slight decrease with forecast length.

(6) The use of high (1.0°) resolution data (as opposed to 2.5* data) provides slightly

improved forecasting capability to the CCAT index, especially in POD. Such improvement in
forecasting ability using higher resolution data is noticeably less for the T1 index.
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Although certainly not clear-cut, overall statistical results of this study indicate a slight
preference of the TI index over CCAT for operational use. In addition to slightly better
performance, the T1 algorithm is computationally more simple, depending only upon wind and
height data. Unfortunately, with high false alarm rates and only modest capability of correctly
forecasting observed MOG turbulence events, both of the turbulence indices appear limited to
providiag operational users only "rough” estimates of encountering significant clear air turbu-

lence over specified regional areas.

In this study, only data from a global numerical model was used to forecast CAT. With
ever-increasing computer power, it is now feasible to run forecast models with resolutions
* gimilar to those in which CAT occurs. One such model - COAMPS, or Coupled
Ocean/Atmosphere Mesoscale Prediction System (Hodur, 1993) - is presently being readied for
operational implementation at FNMOC. COAMPS typically runs at horizontal resolutions < 20
“km and can be configured to run at vertical resolutions of several hundreds of meters within the
free atmosphere; its physics include explicit predictions of turbulent kinetic energy (TKE).
When operational, COAMPS should be evaluated for turbulence forecasting potential, either by
computing diagnostic indices (such as TI and CCAT) or, more challengingly, by relating model
TKE predictions to in-flight turbulence.
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